Responsible decision making about water extractions in arid and semi-arid areas requires a good understanding of both the physical and biological character of these systems. The intrinsic variability of these systems is an important ecosystem control. Ecological concepts and water management practices developed in temperate areas are inappropriate to these erratic and highly pulsed systems.
Introduction
Australia has made a substantial public investment in water 'development' for a variety of social objectives -to settle the inland, to provide farms for returning soldiers, to drought-proof cities and to assist rural economies. Few of these developments have undergone detailed economic scrutiny or considered longer-term issues of environmental sustainability and degradation. Virtually all water control and diversions systems in operation on Australian rivers were designed and are operated for non-environmental purposes (McMahon and Finlayson 1991) . While these developments have benefited from public investment, the costs of degradation have been passed on to downstream ecosystems and water users. For example, Davies et al. (1994) estimate that water developments in South Australia cost the Adelaide consumer $20 million a year in salt damage. Much of the cost of environmental degradation to our river systems is derived from ignorance of how these highly variable and unpredictable systems function.
Australia's agricultural industry and rural settlement has depended, amongst other things, upon a reliable water supply and its large, associated infrastructure. In the Murray-Darling Basin, there are over 20 large dams, 5000 smaller regulating weirs and an inter-basin water transfer scheme that cost in excess of $800 million to build. In New South Wales the irrigation industry uses 97 per cent of all water diverted from this region of the Basin or approximately 80 per cent of the median flow. The decline in native fish numbers, invasion by exotic flora and fauna, modification to physical habitat, and the increased frequency and severity of toxic algal blooms have all markedly reduced the environmental value of various river systems (Cullen et al. 1996) . Despite recent biological surveys, we have limited knowledge about how extensive the loss of biodiversity has been.
There are major re-adjustments underway in the Murray-Darling Basin, in an attempt to halt and reverse the environmental degradation caused by excessive and inappropriate water development. There has been a 'cap' on further water extractions, and in some valleys these are being reduced by up to 12 per cent.
Lessons can be learnt from past mistakes. These include the principle that rivers must be viewed as complex ecosystems rather than simple channels that convey water. Moreover, flow and habitat variability is characteristic of these ecosystems. The irregular pulsing of floodwater combined with periods of drying (drought) are important features to which Australian flora and fauna have adapted. Nicholls (1987) argues that this variability has been a feature of the Australian environment to enable evolutionary adaptations to have developed, usually by opportunistic use of the environment. This variable behaviour is in direct contrast to the primary objective of water developments -to provide a stable water supply and reduce variability.
Direct transfer of knowledge from more temperate regions is a starting point, but is no substitute for sound knowledge of these ecosystems. Consumptive and non-consumptive water entitlements were an issue in the recent Council of Australian Governments (COAG) national agenda on water resource policy (Water Resource Policy, 1994) . This document noted that water entitlements must be allocated and managed in accordance with comprehensive planning systems and based on a hydrological assessment of the entire catchment. We argue that ecological assessment is just as important as a hydrological one and both are essential for sustainable and efficient management.
The structure and function of aquatic ecosystems in semi-arid rangeland areas are poorly understood (Comin and Williams 1994) . Walker et al. (1997) suggests they are natural boom and bust ecosystems and large-scale water extraction during booms may lead to permanent busts. In this paper, a discussion on important functions of rivers in semi-arid regions is provided along with examples of how water development has interfered with these functions. It is proposed that management paradigms must change in order to maintain the integrity of these systems. Part of this must involve the development of knowledge strategies between scientists and managers.
Rivers, floodplains and their connections
The periodic connections made between different parts of a river-floodplain system are integral to their overall functioning (Ward and Stanford 1995) . There are three important elements to this:
upstream-downstream connectivity (Vannote et al. 1980) ; lateral connectivity where the periodic connection of the river with its floodplain is important for the transfer of materials and the resetting of ecological systems (Junk et al. 1989) ; and, vertical connectivity where water passes from the river channel or floodplain to the groundwater; this sediment-water interface or hyporheic zone is an important refuge for organisms during dry periods.
The Flood Pulse Concept recognises that floods are a driving variable in the dynamics of riverfloodplain systems. Periodic changes in water level allow important exchanges of biota, sediment, organic material and other nutrients between the river channel, floodplain and wetlands. In some environments these flood pulses may be annual events. In semi-arid or arid systems such events are infrequent, occurring every decade or even less frequent (McMahon and Finlayson 1991) . Lake Eyre in Central Australia, for example, fills once every 30 years (Kotwicki 1986 ).
Variations in duration, frequency, rates of rise and fall, and the predictability of floods are important hydrological drivers of river functions. For example, the Barwon-Darling River is subject to highly variable flows and this is associated with complex channel morphology. Using historic flow and channel survey data that pre-date significant water resource development Thoms and Sheldon (1997) illustrate the cross-sectional channel of the preregulated river was complex being characterised by a series of flat surfaces or 'benches'. These structural features provide important habitat heterogeneity and perform some functions ascribed to floodplains. During high flow events, they enabled the accumulation and temporary storage of organic matter and other nutrients. The more variable the flow regime (especially in terms of flood flows), the greater the number of benches present. The greater the physical complexity of the channel, the greater the surface area available for (i) the storage of organic matter (ii) and therefore the provision of a food source. These surfaces are also habitat for lower food chain aquatic organisms such as macroinvertebrates.
The spatial and temporal character of floods is also important for the flora and fauna of these rivers. For example, Walker et al. (1995) suggest that where floods are unpredictable in terms of their timing, species with flexible life cycles are likely to have a selective advantage (Baird et al. 1987) . In contrast, sedentary organisms such as attached algae or aquatic macrophytes will be at a disadvantage in those environments that experience rapid-rise and falls in water levels.
Floods are important in organising, re-setting and sustaining dryland river ecosystems (Walker et al. 1995) . However, the water resources of these regions are often heavily exploited. The impacts of flow regulation, water diversions and levee development on river ecosystems are well documented but most are from humid or temperate regions. The response of dryland systems is relatively unknown (Davies et al. 1994) although research (Thoms and Walker 1993) indicates that the recovery period of dryland rivers to hydrological disturbance may differ in comparison to those from other regions. Hence, the management of these river systems may well differ to rivers in more temperate zones.
Ecosystems impacts of irrigation extraction

The Barwon-Darling: an example
Examples of the impact of water development on Australian semi-arid aquatic ecosystems are only just being documented in the scientific literature. Thoms and Sheldon (1998) for example, highlight the influence of irrigation extraction on the hydrology of the Barwon-Darling River system. A summary of this work is given in Table 1 . It is apparent that development has had an impact on the entire flow regime of this river system, not just low and 'average' flows. Water diversions in 1994 were equivalent to over 60 per cent of the natural flow at Menindee. In response to agricultural pressure, the NSW Government, with little understanding of the impacts of this on the river ecosystem, allowed water extraction licenses to increase from 20 in 1960 to 267 in 1994. The widespread media coverage of the 1000 km of toxic algal bloom in 1991 was a wake-up call to Australia of the impacts of water management on these river ecosystems. Habitat availability has also been substantially reduced in the Barwon-Darling because of changes to the flow regime. For example, the annual flood at Bourke (18,000 MLD) can inundate the majority of in-channel habitat structures such as snags and benches. However, the magnitude of the annual flood has been reduced by 44 per cent because of upstream water resource development. Moreover, the frequency of the floods that inundate floodplain billabongs and wetlands has also been reduced by up to 33 per cent downstream of Bourke .
In-stream habitat has been further reduced by physical changes that have occurred along the Barwon-Darling River as a direct result of water resource development. Bank erosion is common along the river, especially following sustained, rapid falls in water level that are often brought about by extraction for agricultural uses during the falling stage of the hydrograph.
During the January -March 1996 flood, Thoms (1998a) recorded average daily falls in water level ranging from 0.76 to 1.9 metres over five days between Walgett and Wilcannia. These falls in water level were calculated to correspond to periods of major water extraction and appeared to be the cause of significant bank slumping. Water extractions doubled the average rate of fall over this period and over 91,000 tonnes of sediment were eroded from the riverbanks between Walgett and Wilcannia during this event. Most of the bank slumping was associated with the erosion of inset benches and hence changes to the complexity of the inchannel environment.
In large lowland rivers, such as the Barwon-Darling, Sheldon (1994) has suggested that the magnitude and variability of river levels (stage height) are a dominant influence on ecological processes. Flow regulation and water extractions in the Barwon-Darling have increased riverlevel stability. Thoms and Sheldon (1998) have demonstrated a strong association between water resource development and in-channel water levels becoming more stable. This is most evident in those years in which flows are low and the river is under maximum control, and less obvious during high flow years where the river is essentially unregulated. Because of the highly turbid river water a water level change of at least 50 cm every 40 days would be required to prevent the dominance of toxic algal community successions (Thoms and Sheldon 1998) .
The Cooper -A challenge for decision-makers
Ecological considerations
River systems within the Lake Eyre Basin are unregulated aside from minor diversions for stock and domestic supplies. A recent proposal to irrigate cotton and develop the water resources of this semi-arid to arid river system has generated much attention from scientists and the general community (e.g. Walker et al. Kingsford et al. 1998) . While the decision to reject this proposal was greeted favourably by environmentalists, the recently published Draft Water Management Plan for Cooper Creek, advocates that water development can take place. This apparent conflict of opinions will provide a challenge for water managers.
Cooper Creek is a large, dryland system -it has a catchment area of 306,000 km2 and annual rainfall is between 100 to 500 mm. Annual flows are highly variable (median: 1.7 m ML; range: 0-13 m ML) but mostly occur in mid to late summer. Run-off is generated in the headwaters and consequently flow variability tends to decrease downstream. Steep flood frequency curves are a feature in this catchment further highlighting the highly variable nature of the flow regime. Furthermore, the character of individual floods is maintained along the river despite minimal tributary contribution and high transmission (Knighton and Nanson 1994) .
The Cooper system is characterised by a wide floodplain that contains anastomosing channels. This multi-channelled system consists of a low losses downstream a complex array of flow channel and a series of high-level secondary channels. The capacity of which varies from <1000m3 to >100,000m3. For much of the time, the main channel of the Cooper system (Barcoo and Thomson Rivers) consists of a chain of waterholes (ponds). Irregular flooding replenishes and flushes these water holes. Lake Eyre is at the end of the system and is only filled after water passes through the Ramsar listed Coongie Lakes. Water reaches Lake Eyre about one year in six because of transmission losses. These waterholes are important aquatic refuges in this dry land and also support the local pastoral industry.
The proposal to extract water for irrigation in upstream areas has the potential to cause significant downstream impacts. There are two aspects of ecosystem concern.
1). In-channel flows are critical for aquatic ecosystem maintenance between flood periods. They ensure some form of longitudinal connectivity between refugia (waterholes), determine habitat availability and influence the wetting and drying regime of various in-channel structures. Wetting and drying of the margins is important for carbon and nutrient dynamics in these systems . Flows in arid and semi-arid rivers are contained within the riverbanks for most of the time. For example, discharges exceeding bankfull capacity occur less than two per cent of the time in the Barwon-Darling . Interference with the frequency and duration of these flows may well have greater implications for ecosystem functioning than in rivers in more temperate regions.
2). Floods maintain lateral connectivity between the main channel, secondary channels and the floodplain in general. In the Cooper, floods of 1.4 m MLD at Currareva inundate some 25,900 km2 of floodplain. Water extractions will reduce the extent of this lateral exchange. Moreover, the duration and frequency of inundation, rates of rise and fall, and peak heights are also key hydrological aspects of river-floodplain exchanges that are known to change with water development (Thoms 1998b) . Water extractions have the potential to alter the character of flood pulses, throughout the downstream system because there is a lack of tributary inflows to restore their natural character.
Extracting water from the Cooper Creek would cause a number of hydrological changes that would have the following ecological implications: restrict watering of some or all of the secondary channels thereby reducing available habitat during flood flows; reduced lateral connectivity between the numerous river channels and their floodplain during flood flows; decrease the frequency of longitudinal connectivity between major refugia areas; change the resetting of the ecosystem by altering the disturbance regime; and, reduce biological diversity of the entire downstream system. The hydrological consequences of water development can be predicted with a degree of certainty once the operating system proposed for irrigation extraction is known and the processes by which the ecosystem will be impacted identified. Ecological changes are harder to predict but they must be addressed before the community and governments can make appropriate trade-offs about what they might sacrifice and what they might gain.
Onus ofproof
There was great difficulty in applying these broad principles to the proposed irrigation development on the Cooper Creek in Queensland. There has been no serious attempt by governments or developers to collect the data required for making responsible decisions. For example, less than 40 years of flow data were used by consultants to assess possible changes to the hydrological regime by the Cooper development. Because of the highly unpredictable and variable nature of flows in semi arid and arid regions of Australia it is recommended that a data set of 50 years is used (Pilgram 1987) . The recent Water Management Plan for the Cooper Creek is based on data supplied by a hydrological model, the Integrated Quantity-Quality Model (IQQM) (Black et al. 1997) , the accuracy of which has not be reviewed in the scientific literature. This model is normally calibrated against only two years of observed (actual) flow data. Furthermore, there was also very little agreement on who was responsible for providing such information. At one stage the Queensland Minister responsible seemed to imply that the conservationists opposing the development should provide the background data.
In our view it is the responsibility of government to ensure appropriate data are available to make a responsible decision. The widely accepted 'precautionary principle' would not allow water extraction until there was sufficient understanding to be able to make reasonable predictions about their impact.
SpeciJicity ofproposals
It is also important to be clear as to exactly what is proposed. In the Cooper proposal issues went beyond the extraction of water. Concerns over the extensive use of agricultural chemicals and their impact on downstream users and ecosystems were raised. Thoms (1998b) has demonstrated that floodplains are both a natural sink and source of sediments and contaminants. Pesticides discharged into rivers adsorb onto fine silts and clays and are subsequently deposited on floodplains during periods of inundation. Floodplains may then become major contaminant sources with the subsequent erosion of stored sediments.
It is our view that any policy determining water use must consider the wider implications of development proposals. The pesticides issue should not be left to subsequent studies and the notion of conforming to industry best practice. There are serious doubts about industry best practice as evidenced by endosulfan residues in the upper Murray-Darling Basin (Cullen 1996a) . Impacts on areas of high conservation value in South Australia were also an issue. The ecological value of the Coongie Lakes is dependent on the natural upstream hydrological regime of the Cooper. Finally, it was also unclear as to the nature of the 'precedent' being set with this proposal. What was the likelihood of further applications?
A knowledge strategy for an undeveloped river A strategy is a long-term systematic plan aimed at achieving a desired outcome(s). The longterm economic and ecological sustainability of water is a desired outcome for the water industry. This does not imply stability, rather an ability to adapt to changing pressures and issues. Knowledge is an essential element of adaptive capacity. There are five elements to any knowledge strategy:
What do we need to know?
How will we get the information?
How do we store the information so it is available when we need it?
How do we update and check the information?
How do we review and update the knowledge strategy?
A knowledge strategy is an integral part of any organisation's business plan. Land and water management agencies are required to manage a variety of issues, therefore it is important for them to focus on the key issues. Given past mistakes of managing water development in semiarid and arid river systems, it is worthwhile considering what knowledge a government needs before it can make responsible water management decisions. Information on the extent and 'state' of the resource, as well the ability to predict the impact of various actions on the longterm sustainability of the system are required.
Defining the system
COAG has recognised the fundamental importance of a 'whole catchment' approach in water resources planning. Water entitlements, both consumptive and non-consumptive, must be allocated and managed in accordance with comprehensive planning systems. These are based on a complete hydrological assessment of the catchment. Hence, State borders are not an appropriate planning boundary, despite the difficulties this causes. It is interesting to note that the Lake Eyre community recognises this and in establishing the Lake Eyre Basin Coordinating Group formed a single catchment committee spanning Queensland and South Australia. This allows the group to consider all downstream impacts of water development. In this case the impacts of water development on Lake Eyre itself need to be assessed.
Understanding the ecosystem
Stream flow records are fundamental to understanding the amount of water that moves through a system and its variability. It is common in undeveloped areas to have very sparse flow records, and this adds major uncertainties to water planning and this is particularly true of many large dryland river catchments. In Australia there is one stream flow gauging station per 350,000 km2 in dryland regions compared with one per 3,200 km2 in humid regions. While a regional spatial coverage is necessary, the length of record is also essential in order to understand highly variable flow regimes. Long-term records increase the reliability of yield assessments. Planning large-scale water development with 10 years of record, which may cover an unusually wet or dry period, is a recipe for disaster for both governments and private investors. Governments that are pressured into such decisions might consider having developers indemnify them against later damage claims.
Defining the river floodplain system, its structure and functioning over a variety of time scales is important. For example, areas of inundation associated with different floods are necessary for dryland river-floodplain systems. This information must be publicly available; despite the resistance of some development interests. Ecological communities need to be assessed along with their dependence on various wetting and drying periods. This should include fish, birds, aquatic macrophytes, invertebrates and riparian vegetation and indicate how these elements interact at the community level. Rare or endangered species need to be identified, as do 'hot spots' of high biodiversity potential (Cullen and Lake 1995) Return water is an issue in irrigated areas because of elevated levels of turbidity and contaminants . However, salinity has been documented as the most common problem in long-term irrigation areas (Ghassemi et al. 1995) . Australia is already facing serious land degradation issues, and consequent social hardship from both dryland and irrigation salinity. Drainage schemes that allow salt laden drainage water to be returned to the river only transfer the problem to downstream communities.
Predictions of future conditions
Governments, developers and conservation interests all seek to have robust predictions of how river systems may change with the implementation of various development options. Such predictions require models as well as appropriate data. Although the prediction of hydrological outcomes is developing, ecological outcomes are more difficult and less advanced. Even in the Murray-Darling Basin where water management has been active for over 70 years, there has been little effort in the development of ecology models. Instead 'expert judgements' by experienced ecologists are heavily relied upon for many of our present water allocation issues.
The emerging paradigm for arid rivers
Community values
Australians are moving beyond the position that any water that flows downstream is wasted. There is greater appreciation that downstream ecosystems are worth protecting, and downstream water users also have rights. Governments are the custodians of Australian water and they control the extraction of water through a system of licences to pump or divert. In some States the pressure from irrigators to extract more water than is reasonable is intense, especially during a run of wet years. New South Wales is now paying a high political and economic price for having issued licences for water that does not exist.
Recognition of environmental needs as well as the economic interests of those in the catchment must be balanced. Failure to do so results in resource degradation. A balance of the needs of upstream and downstream users must also occur. This has proved especially difficult when a State border divides the upstream and downstream constituencies. Resolving such 'interest' conflicts is especially difficult when data are poor and predictive models unreliable.
Decision-making processes
There is now considerable understanding of environmental conflicts. Cullen (1996) suggests there are five elements each requiring a different strategy to resolve them.
Interest elements refer to the self-interests of the people involved. People compete for the use of water and have little concern for existing benefits be they environmental or downstream users.
Value elements refer to fundamental belief systems of individuals about the importance of things like our cultural responsibility for land, wilderness, conservation, development and use of resources.
Data elements arise when people lack the information to make wise decisions.
Labelling elements enter a conflict when players label other players with negative labels that may introduce misconceptions and stereotypes. Greenies, dole bludgers, red neck farmers, miners and blacks can all be used as pejorative terms to avoid listening to what the people are saying and responding to the substance of their concern.
Structural elements are introduced by the organisational structure erected to manage the resource, and in some cases by State and Federal interests that may conflict.
Experience has shown that effective management of such conflicts requires all the interests to be involved in bargaining, information to be widely available and for facilitation to manage the bargaining process.
Whole system analysis
The need to consider entire catchments has emerged as a major principle of water management over the last decade as a response to mistakes of the past. All sources and sinks of water and other materials are considered. Water diverted from rivers impacts not only on surface processes but also on groundwater systems. As well as comprehensive spatial analysis, the importance of an appropriate time base for analysis cannot be over-stated. Experience with agricultural settlement and the 'Goyder Line' show the dangers of basing decisions on a short run of data, especially when that data are not representative of the longer-term. Hydrological analyses must be combined with ecological studies in any ecosystem assessment of the impact of water development.
Environmental flow regimes
Governments have accepted the need to have environmental flows to maintain aquatic ecosystems. Rather than setting a minimum flow we now recognise that some rivers dry up and native biota is adapted to such stress. Consequently environmental flows are being set on the basis of returning the natural flow pulses to the river which send important signals to the biota. These hydrological disturbances can be more important biological determinants in highly pulsed arid streams than processes like predation which dominate in more temperate rivers (Boulton, et. al. 1997) . In dryland rivers periods of low flow are just as important to maintaining ecological processes as periods of high flow. They have their own distinct hydrological, geomorphological and biological features and we need to recognise key processes and manage the river accordingly. In temperate regions much environmental flow discussion has been based on what is important for selected elements of the biota such as large fish or water birds. There is a need to move beyond this and to protect key processes in order to allow the ecosystem as a whole to thrive (Burgess and Thoms 1997 ).
Summary and conclusions
There are fundamental ecological differences between dryland rivers and those in more temperate areas. In particular, erratic flooding, the lateral exchange of nutrients and materials between river channels and their floodplains to the rivers, and the importance of these highly variable events in resetting ecological systems are obvious differences. Furthermore, dry flow periods are also an equally important component of these aquatic ecosystems. Large-scale water extractions have changed the hydrology and ecology of some of Australian dryland rivers. There is no doubt they have the potential to alter those systems currently under threat of water development.
Responsible governments need reliable databases on the hydrology and the ecology of rangeland rivers before they can make responsible water management decisions. These are required at a catchment scale. Moreover, data on the cumulative impacts of minor decisions is lacking. It is not appropriate to approve a minor extraction just because it is relatively small. Such decisions provide precedents and one small extraction may be multiplied as others see opportunity to exploit the resource. A myriad of small decisions can lead to the destruction of an ecosystem (Thoms and Walker 1993) . Any decision to develop water resources in rangelands must be based on a comprehensive analysis of the whole system to establish sustainable extraction volumes, even if these are not the basis of the proposal under consideration. In our view it is professional negligence to make such decisions without comprehensive analysis.
